Two high lift mechanisms, convected leading-edge vortices (LEVs) and stable deflected jets, have previously been identified for an airfoil undergoing small-amplitude plunging oscillations. This paper extends this work by investigating the effect of geometry through direct comparison of the forces and flow fields associated with small-amplitude plunging oscillations of a NACA 0012 airfoil and flat plate for zero and a post-stall angle of attack of fifteen degrees, and a Reynolds number of 10,000. For zero degrees at high Strouhal numbers the NACA airfoil experiences stable deflected jets responsible for very large lift coefficients, whereas the flat plate experiences deflected jets that are prone to periodic oscillation in direction resulting in oscillation of the lift coefficient with a period on the order of 100 cycles. It is postulated that this jet switching is driven by the LEV. At fifteen degrees angle of attack the flat plate is shown to produce a comparable increase in lift up to a Strouhal number of unity but after this the lift performance deteriorates. This is due to the LEVs convecting further from the upper surface. At higher plunge velocities a new mode of LEV behavior is observed. The upper surface LEV pairs with the lower surface LEV to form a dipole that convects against the free stream and is rapidly dissipated. This results in a highly separated time-averaged flow and thus low lift and high drag. 
I. Introduction
There is currently growing interest in the field of Micro Air Vehicles (MAVs) due to their potential for a wide variety of applications both military and civil. However, for MAVs to become a practical reality it will first be necessary to move beyond the assumption of steadystate aerodynamics so as to overcome the prevalence of separation and stall at the low Reynolds numbers typical of micro air vehicles. Natural flyers have managed to circumvent this barrier through the exploitation of unsteady aerodynamic phenomenon [1] , in particular the Leading Edge Vortex (LEV). The benefit of this approach can be seen in the truly exceptional agility of natural flyers over a wide range of Reynolds numbers. However, the large-amplitude, lowfrequency motion suited to the muscular actuators of nature is not necessarily appropriate for the electrical actuators available to man. Instead small-amplitude high-frequency motion can be used to achieve similar plunge velocities in a more suitable manner.
Previous results for a NACA 0012 airfoil oscillating with small amplitude (a/c ≤ 0.2) have identified two high lift mechanisms [2, 3] . For a post-stall angle of attack, α = 15°, high lift was due to LEVs that convect close to the airfoil's upper surface. This was termed a mode-1 flow field (see Fig. 1a ). In addition significant drag reduction was observed resulting in thrust at higher Strouhal numbers. The switch from drag to thrust was shown to depend on the formation of what was termed a mode-2 flow field. This is a flow field where an upper surface clockwise LEV forms during the downward motion but instead of convecting over the upper surface, it remains near the leading-edge and loses its coherency through impingement with the upward moving airfoil.
The second high lift mechanism is associated with stable deflected jets and applies to smaller angles of attack: α ≤ 10° (see Fig. 1b ). The direction of the jet depends on the initial conditions and creates significant bifurcations in the time-averaged lift coefficient. With a downward deflected jet large negative lift coefficients were observed; with an upward deflected jet very large positive lift coefficients of up to C l = 5.5 were observed [3] . Deflected jets are a result of pairing of the trailing-edge vortices to create a vortex dipole. Due to asymmetric positioning, the dipole convects at an angle to the horizontal creating a deflected jet [3] [4] [5] [6] [7] [8] [9] .
In this paper we will consider the effect of airfoil geometry on lift enhancement mechanisms for small-amplitude high-frequency motion. As thin airfoils are generally preferable at low
Reynolds numbers [10] , we shall compare the previous results for the NACA 0012 airfoil with new results for a flat plate geometry. We shall focus on two angles of attack, α = 0° to study the effect on deflected jets, and α = 15° to study the effect on post-stall performance.
II. Experimental Apparatus and Procedures
Force and Particle Image Velocimetry (PIV) measurements were conducted on a plunging flat plate airfoil mounted vertically in a closed-loop water tunnel, see Fig. 2 . For a review of parameters studied, see Table 1 ; uncertainties are calculated using the methods of Moffat [11] taking into account both bias and precision errors. Strouhal number is also directly related to the reduced frequency through: Sr c = k/π.
A. Experimental Setup
The experiments were conducted in a free-surface closed-loop water tunnel (Eidetics Model 1520) at the University of Bath. The water tunnel is capable of flow speeds in the range 0 to 0.5 m/s and has a working section of dimensions 381 mm x 508 mm x 1530 mm. The turbulence intensity has previously been measured [12] by LDV to be less than 0.5%.
In this study two cross sections were considered: a NACA 0012 airfoil and a flat plate of thickness 0.04c with semi-circular leading and trailing edges, see 
B. Force Measurements
The forces applied in both the streamwise and cross-stream directions were measured via a two-component binocular strain gauge force balance [13] . The measured forces included both time-dependent aerodynamic forces as well as inertia forces, however the inertia forces do not contribute to the time-averaged force. Up to four force balances of differing rigidities were used so as to achieve the desired accuracy whilst minimizing flexibility. The signal from the strain gauges was amplified by a Wheatstone bridge circuit and sampled at either 2 kHz for 20,000 samples (stationary cases), or 360 per cycle for a minimum of 50 cycles (dynamic cases). The forces were then calculated from the average voltage through linear calibration curves. To minimize uncertainty the calibration curves consisted of twenty three points, and were performed daily before and after testing. Each data set was repeated at least once and then averaged. The mean lift coefficient uncertainty for the stationary case is ± 0.03.
C. PIV Measurements
The flow was seeded with 8 -12 μm hollow glass spheres. The velocity field around the airfoil was measured using a TSI Inc. 2D-PIV system incorporating a dual ND:YAG 50 mJ pulsed laser, 2 MP Powerview Plus 12 bit CCD camera and TSI Model 610034 synchronizer.
For measurements over the upper surface of the airfoil, the laser was positioned behind as shown in Fig. 2a 
III. Results and Discussion

A. Stationary Airfoil
The lift coefficient for the stationary two-dimensional NACA 0012 airfoil and flat plate are presented in Fig. 4 . The shape of the NACA 0012 lift curve has previously been discussed and compared to results in the literature [14] . The nonlinear shape is indicative of trailing-edge stall which commences in the region of α = 1°, becoming fully stalled once α > 10°. This description was supported by PIV measurements and in agreement with the results of other authors [15, 16] .
By comparison the curve for the flat plate airfoil is very linear. Also shown are the experimental results of Sunada et al. [17] and Okamoto and Azuma [18] for a finite flat plate wing of aspect ratios: AR = 7.25 and 8 respectively, and Reynolds numbers: Re = 4,000 and 11,600. In addition, Asymmetry of the flow near the trailing-edge influences the induced velocity near the leading-edge. In the mode-A case there is a strong upper surface LEV (Fig. 6c centre) , and a comparatively weak lower surface LEV (Fig. 6a centre, supported by circulation measurements not shown here). This explains both the high velocity leading-edge region observed in the time-averaged plot and very high lift coefficient observed for this case, C l ≈ 3.4. For the mode-B case the inverse is true, i.e., a weak upper surface LEV and strong lower surface LEV resulting in a large negative lift coefficient.
Now moving onto the flat plate airfoil, Figure 7 shows the same measurements as in Fig. 5 except for the flat plate airfoil. Up until Sr c = 1.5 all curves match closely, following similar trends to those observed for the NACA 0012 airfoil. After Sr c = 1.5, however, the different tests performed at different times diverge giving very erratic results with no repeatability. Despite the apparent randomness, these results fall within an upper and lower bound which bears a strong resemblance to that for the NACA 0012 airfoil, and with the same point of divergence. This suggests that deflected jets are also responsible in this case but that their direction is unstable, in a similar manner to the jet switching phenomenon of Heathcote and Gursul [6] . Table 2 . However, it is obvious in Figure 11 that the location of the leadingedge vortex differs substantially. The core question is therefore what aspect of the flat plate geometry makes it subject to jet switching when the NACA 0012 airfoil at the same conditions is not. As deflected jets and TEV dipole formation are a prerequisite for jet switching, the intuitive choice is the difference in trailing-edge geometry (sharp versus rounded). To investigate this possibility a further flat plate wing was manufactured with a sharp trailing edge. Until x/c = 0.7 the geometry was identical to the flat plate airfoil, after x/c = 0.7 it tapers linearly to a sharp point. Force measurements showed this wing to also be subject to jet switching, with a similar period. Hence, as trailing-edge geometry has no effect on the jet-switching phenomenon, and the TEVs are similar but the LEVs are different in Fig. 11 , we postulate that jet switching is due to the different behavior of the (Fig. 13m) for the first time for the NACA 0012 airfoil there is a time-averaged jet. This is indicative of thrust creation due to the action of a reverse-Kármán vortex street which is reflected in the drag coefficient measurements shown in Fig. 12b . By contrast the flat plate does not demonstrate a reverse-Kármán vortex street and therefore experiences a net drag.
To explain why there is such a difference between the geometries for Sr c > 1, phase-averaged vorticity contour plots are shown in Fig. 14 at the top of the motion for the same amplitude as With the Strouhal number increased to Sr c = 1.5 the lift performance and separation reduction of the two has diverged. The phase-averaged flow fields (Fig. 14b) show the NACA 0012 airfoil to form a single clockwise LEV per cycle. This LEV is small, concentrated, and convects close to the surface. Conversely the flat plate also has a single clockwise LEV but it is larger, more diffuse, and convects further from the upper surface. Likewise the number of TEVs is similar for both geometries but they are generally larger, and more diffuse in the case of the flat plate.
With further increase in Strouhal number to Sr c = 2.0 (Fig. 14c ) these characteristics continue.
There is a single LEV formed during each cycle but in the case of the flat plate airfoil the vortex is larger, more diffuse, convects more slowly (as suggested by the vortex spacing), and convects further from the upper surface. Due to the large vertical distance between the convecting LEV and trailing-edge it does not interact with the TEVs. It is also interesting to note that the LEV for the flat plate has a strong secondary vortex. Due to this secondary vortex the vortex pair remains nearer to the leading-edge for a greater proportion of the cycle.
With further increase in Strouhal number to Sr c = 2.5 ( Fig. 14d) and Sr c = 3.0 (Fig. 14e) , the difference is further enhanced. For the NACA 0012 airfoil the LEVs are small, concentrated and convect very close to the upper surface interacting at the trailing-edge with the TEVs.
Conversely for the flat plate the LEVs are larger, more diffuse, with a much stronger secondary vortex, and convect further from the upper surface. The reason for the deteriorating lift performance of the flat plate at high Strouhal numbers can therefore be attributed to the trajectory of the LEV. As it is further from the airfoil surface, its lift enhancing effect will be significantly weakened and there will be greater time-averaged separation. In essence the NACA 0012 geometry utilizes the LEV in a more effective way.
In Fig. 14 This behavior is very similar to that previously described elsewhere [3] , for TEV dipole formation on a NACA 0012 airfoil under similar conditions.
IV. Conclusions
Experiments were performed to compare the forces and flow fields of both a NACA 0012 airfoil and flat plate oscillating with small-amplitude at angles of attack of 0° and 15° to study two high-lift mechanisms: deflected jets and convected LEVs. For zero degrees angle of attack, at high Strouhal numbers, the NACA airfoil is subject to stable deflected jets resulting in very large negative or positive lift coefficients with the direction determined by initial conditions. The flat plate airfoil is likewise subject to deflected jets however the direction oscillates approximately sinusoidally between upwards and downwards with a period on the order of 100 20 cycles. The lift coefficient is therefore also oscillatory. This is considered to be a problem for the flat-plate airfoil in MAV applications. The results presented imply that it is the LEV rather than the TEV that drives the jet switching phenomenon.
For 15° angle of attack, at low Strouhal numbers, the force coefficients for the NACA airfoil and flat plate are similar. Both experience significant increase in lift coefficient with greater effect for greater amplitude and local optima due to resonance with the natural shedding frequency, its harmonics and subharmonics. This increase is associated with reduced timeaveraged separation and a high velocity leading-edge region due to LEV formation and convection. However, after a Strouhal number of unity the flat plate experiences deteriorating lift performance across all amplitudes studied. At small amplitudes the deterioration in lift performance is primarily due to the LEV convecting further from the upper surface; at large amplitudes it is due to the LEVs forming a dipole which convects against the freestream resulting in increased time-averaged separation. 
